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Abstract :  
In this paper we present some historical aspects on ionospheric electric currents. Our attention is 
focused on the disturbed part of these currents at the origin of the Earth's magnetic field variation 
Dp. 
The steps described in this paper correspond to advances in fundamental physic, as well as in 
technology, data interpretation or other factors. The paper covers the period from 1870 up to now. 
 
Published in a book of History of geomagnetism and aeronomy, Solar varibility and Geomagnetism,lectures 
from the IAGA Assembly in Hanoï 2001, collected and edited by W. Schröder, pp 154-190, Science edition 
AKGGKP, Bremen-Rönnebeck, Postdam, 2002. 
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Introduction : 
 
The study of Electric currents in the ionosphere is hard due to the difficulty to have direct in situ 
measurement of theses currents. 
It is from magnetic data that studies of ionospheric electric currents begun in the XIXth century, 
with B. Stewart (1882) who introduced the concept of the atmospheric dynamo : the energy of the 
atmospheric motions is converted in electric energy. 
 
Since the beginning of observations of the Earth’s magnetic field, it was found that magnetic 
variations can split into a regular part, observed on a daily basis (Graham, 1722) and disturbed 
components superimposed on the regular part during certain days. 
A first historical perspective paper, Amory-Mazaudier (1994) described the main steps in the 
study of the regular part successively defined on the few statistically quietest day’s current value : 
Sq (Chapman and Bartels, 1940) and as the regular daily  variation of the Earth’s magnetic field : 
SR (Mayaud, 1965). 
 
The present paper is a reminder of the hallmarks in the studies of the ionospheric disturbed 
currents that produce the DP variations of the Earth’s magnetic field (Akasofu and Chapman, 
1961). 
 
The first section presents the aspects that led to postulate currents in the Earth’s environment 
before 1925, when the radio measurements did start in the ionosphere (Breit and Tuve, 1925; 
Appleton and Barnett, 1925). The second section is devoted to further advances in the knowledge 
of currents across the terrestrial environment (magnetosphere-ionosphere) before the 
magnetosphere was observed (Gold, 1959a). The third part describes the main steps in the studies 
of disturbed electric current during the last 40 years. We shall conclude about the necessity of 
systemic approaches in the present studies. 
 
 
I. Disturbed ionospheric currents before 1925  
 
The data that brought about the existence of electric currents in the Earth’s environment are 
ancient with two kinds of evidence : 1) the terrestrial magnetic field variation at all latitudes, 2) 
the high latitudes auroral lights. 
 
Magnetic field variations 
Chapman and Bartels (1940) tabulated (here reproduced in table 1), the progresses in 
geomagnetism since 1030 A.C., until 1852. 
We emphasize three main steps decisive for our purpose : 
i- the relation between visual aurora and magnetic disturbances, by Celsius at Upssala 
and Graham in London 
ii- the fact that auroral ray are parallel to the magnetic field inclination angle, 
iii- the notion of magnetic storms introduced at the beginning of the XIXth century by A. 
Von Humboldt. 
Aurora 
Auroral observations, also ancient, inspired painters. Figure 1a and 1b from Schröder (1979) 
reproduce pictures of two events observed on October, 11, 1527 and January, 6, 1561. At the end 
of the XVIth century Tycho Brahé was the first astronomer known to do many observations of 
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aurora at Uraniborg in Island. he was well known to work properly and methodically. This is 
why later his observations can be used to know the frequency of occurence of aurorae at 
Uraniborg from 1582 to 1597 as well as to determine the magnetic inclination at Uraniborg during 
the same period. Figure 2, from Brekke and Egeland, 1983, illustrates the observations of Tycho 
Brahe, the x axis shows the frequency of occurrence of aurora from 1582 to 1598. 
 
 
 
 
Figure 1a : middle age painting aurora of 
October 11, 1527 
[ from Schröder, W., 1979] 
 
 
 
Figure 1b : middle age painting aurora of 
June 16, 1561 
[ from Schröder, W., 1979] 
 
 
 
 
 
 
Figure 2 : Frequency of appearance of Aurora 
observed by Tycho Brahé at Uraniborg, in 
Island, from 1582 to 1957 . 
[ from Brekke and Egeland, 1983] 
 
More recently, review on aurora were compiled in Germany and France (Schröder, 1972; Legrand 
and Simon, 1987; Legrand et al, 1991; Legrand et al. 1992). These long series of studies introduce 
to a "climatology" of auroral phenomena. 
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A remarkable fact that deserves notice is the proposition for explaining aurora by J-J. Dortous de 
Mairan (1733). He was a french academician under the reign of King Louis XIV (portrait on figure 
3). More than two centuries before the first satellites Sputnik and Explorer, in the years 1958, J. 
Dortous de Mairan gave the right explanation for aurorae phenomena. 
 
J-J de Mairan et l'Origine des Aurores :" L'aurore boréale est un phénomène lumineux ainsi nommé parce 
qu'il a coutume de paraître du côté nord, ou de la partie boréale du ciel, et que sa lumière, lorsqu'elle est 
proche de l'horizon, ressemble d celle du point jour, ou à l'aurore. Sa véritable cause est, selon ce que je 
pense, la lumière zodiacale. ..... 
Et Mairan de poursuivre en indiquant : «  que cette matière qui compose l'atmosphère solaire vient 
rencontrer les parties supérieures de notre air et tombe dans l'atmosphère terrestre à plus ou moins grande 
profondeur. Cette matière s'enflamme soit spontanément, soit "par collision avec les particules de l'air ". 
The work of J-J. Dortous de Mairan was published by J-P. Legrand in 1985. 
 
Fig. 3 : Portrait of J.J. Dortous de Mairan (1678-1771) Library of the Academy. 
J-J. Dortous de Mairan gave the physical processus at the origin of Aurora in 1773, 
[ borrowed from Legrand, 1985] 
 
Still before 1925, Gauss (1838) and Maxwell (1873) introduced theoretical tools which allowed to 
develop the physics of electric currents in the Earth's environment. 
In 1873, J. Maxwell, in his treatise on electricity made possible for his fellow research people to 
figure out the mechanisms leading to the magnetic field variations. 
J-C. Maxwell was interested in the development of geomagnetism as a field of experimentation 
for the electromagnetism theory. Maxwell though that the development of experimental science 
as geomagnetism was essential for the progress of science. 
Here is a part of his introductory lecture on experimental physics at Cambridge in 1870, devoted 
to geomagnetism: 
 
" But the history of the science of terrestrial magnetism affords us sufficient example of what may be done 
by Experiments in Concert, such as we hope some day to perform in our laboratory. 
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That celebrated traveller, Humboldt, was profoundly impressed with the scientific value of a combined effort 
to be made by the observers of all nations to obtain accurate measurements of the magnetism earth.... 
We must reserve for its proper place in our course any detailed description of the disturbances to which the 
magnetism of our planet is found to be subject. Some of this disturbances are periodic, following the regular 
courses of the sun and moon. Others are sudden and called magnetic storms, but, like the storms of the 
atmosphere, they have their known seasons of frequency. The last and the most mysterious of these magnetic 
changes is that secular variation by which the whole character of the earth, as a great magnet, is being 
slowly modified, while the magnetic poles creep on, from century to century along their winding track. 
We have thus learned that the interior of the earth is subject to the influences of the heavenly bodies, but 
that besides this there is a constantly progressive change going on, the cause of which is entirely unknown." 
It is interesting to notice that in these commentaries, Maxwell related the magnetic variations to 
the sun, the moon, the atmosphere and the interior of the Earth. 
From the Maxwell's physical equations, B. Stewart (1882) proposed the atmospheric dynamo 
mechanism to explain the regular variation of the Earth's magnetic field. 
Later, Schuster (1889 a et b) drew the first equivalent currents maps. He assumed currents 
circulating at very high altitudes 1000 Km and calculated the effects of such currents. At that time 
the ionosphere was not discovered (Amory-Mazaudier, 1994). 
In 1901, after the first radio link between distant points on the globe by Marconi, Kennelly and 
Heaviside postulated the existence of an ionized layer around the Earth to explain the radio link. 
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It is at about the same time that K. Birkeland, a norvegian scientist (1867-1917) organized polar 
expedition to study aurora (Birkeland, 1908; Birkeland, 1913). Figure 4 shows the prof. Birkeland 
in his laboratory with his electric gun (Anker Olsen, 1955). K. Birkeland understood that the sun 
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is the source that influences the electrical planetary environment. In his view ions, atoms and 
molecules accompany electrons that evaporate from the sun, and this flow of matter diffuses and 
absorbs the solar radiation, thus producing the zodiacal light. 
Birkeland proposed a 3D system of electric currents to explain the magnetic disturbances. He was 
the first to suggest field-aligned currents closing in the ionosphere (Birkeland, 1908). Figure 5 
shows the 3D current system proposed by K. Birkeland . On this figure 5 field aligned currents 
come into and out ionosphere. In the ionosphere field aligned currents are converted in 
ionospheric electric current: the auroral electrojet. 
 
 
Figure 5 Three-dimensionnal current system for 
a polar elementary storm [After Birkeland 1908] 
At the same period of the beginning of the XXth century, Stormer developped computation of the 
electric particles trajectories in space under magnetic field control during aurora (Stormer, 1907, 
1911, 1913). His works led to introduce the ring current in the global electric system. This ring 
current is made of particles circulating at a distance of few Earth's radii in the equatorial plane. 
Before 1925, different types of currents were postulated in the Earth’s environment in order to 
understand the disturbed magnetic variations : 1) Field aligned current along the magnetic field 
lines of force, due to particle of solar origin, 2) currents in the ionosphere due to the closure of 
field aligned currents 3) ring current circulating around the Earth’ in the equatorial plane and 
related to the auroral electric generator and 4) currents in the ionosphere due to atmospheric 
dynamo mechanism (out of the scope of this paper). 
II. Advances from 1925 to 1957, before the first satellite measurements 
With the techniques of radio communications (Marconi 1901), the knowledge on ionosphere 
phenomena increased very quickly during this period. The development of the theory of the 
propagation of electromagnetic waves in the ionosphere (Appleton 1925) and ionosonde 
measurements (Breit and Tuve, 1925; Appleton and Barnett, 1925), allowed scientists to discover 
and classify the different regions of the Ionosphere (D layer -> 60-80km, E layare -> 90-150km, F 
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layers -> above 150km). Connections were established between solar eruptions, ionospheric and 
magnetic observations (Mc Nish, 1937a; Mc Nish, 1937b, Mc Nish, 1937c). According to the 
atmospheric dynamo acting essentially in the E region (called dynamo region), magnetic data 
were used to compute ionospheric electric currents and many advances in the knowledge of the 
regular electric currents were obtained. During the first decades of the XXth century, scientists 
defined the magnetic disturbances SD and D : 
- SD is the mean average value of the magnetic variations during the five most disturbed 
days of a month as Sq is the mean variation for the five quiet days of the month (Chapman 
and Bartels, 1940). 
- The classification of disturbances was made by scientists. K.D. Cole’s paper (1966) 
reviewed these magnetic  disturbances. 
The inversion of magnetic data was used to determine the disturbed ionospheric electric currents 
at the origin of geomagnetic disturbances. 
Fukushima and Kamide in 1973 explained this : 
“ Equivalent overhead current systems for geomagnetic disturbances: the usual method of analysis of 
geomagnetic variations is to express the observed geomagnetic field change over the world by an electric 
current system flowing in the ionosphere surrounding the earth,; the electric current system thus obtained 
is called equivalent current system for geomagnetic.” 
But there are several problems : 
1) the magnetic disturbance is due to electric current-systems above the Earth’s surface and 
to secondary induced currents within the Earth. 
2) the external electric currents are the sum of different components : ionospheric electric 
current-systems and magnetospheric electric current-systems. 
3) the same surface field can be produced by an infinite variety of external current systems. 
Without any in situ measurements magnetic data give information on a possible external current 
system without any certitude. To use magnetic data in order to establish equivalent current 
systems it is necessary to define the distribution of the external current (an infinite plane, a 
spherical sheet, a ribbon etc…). 
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Figure 6 a : Non symmetrical D Field [ Chapman, 1935] 
 
 
Figure 6b : Symmetrical D field [ Chapman, 1935] 
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Figure 6c : Total D field [Chapman, 1935] 
In 1935 Chapman established maps of the SD field, using averaged magnetic data observed at the 
ground level during magnetic disturbed periods. First, he considered the part due to the 
disturbance and withdraw the averaged regular part of the Earth’s magnetic field Sq. Second, he 
classified the observations in five classes as a function oflatitudes and then computed the 
equivalent current system including various current systems (ring current, auroral current ...) 
.Figures 6a, 6b, 6c, from Chapman (1935) illustrate the SD field deduced from magnetic variations 
during a magnetic disturbed periods .  
Here are the comments of Chapman concerning these figures: " the current flow is indicated in each 
figure by lines, between each of which there flow 10,000 amperes. In the auroral zone the lines are so 
crowded together that they cannot be distinguished individually; the increase of the zonal current from 0h 
or 12h to 6h or 18h is indicated by crowding lines, giving a wedge-like appearance to the zones which must 
not ne interpreted as a real feature of them. The current flow in each part of the system is indicated in the 
figures for days of moderate magnetic storm (at maximum storm-time phase); the corresponding figures for 
average (all minus quiet) days may be taken as about one fifth of these." 
We must notice that on these figures, appear the structure of the auroral electrojets with the two 
main cells of currents near the pole. Chapman and Ferraro (1931) and Alfven (1939; 1940) started 
to modelize the interaction between the Earth and the interplanetary medium in order to 
interpret the disturbed magnetic variations. 
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Fig. 7a : Illustration of Alfven’s theory 1939 : Paths of eastward-drifting electrons in the equatorial plane of 
the geomagnetic dipole under the action of an homogeneous electric field directed from the dusk side to the 
dawn side 
Here we present the Alfven model with the comment given by Fukushima and Kamide (1973) : 
"Alfven (1939, 1940) proposed a new idea, explaining the SD field as being due to the magnetic effect of the 
auroral zone electrojets connected with field-aligned currents. In Alfven's original theory the eastward 
approach of ionized solar corpuscular streams is due to drift of charged particules under an electric field of 
dusk dawn direction. This electric field is introduced to enable the escape of plasma from the sun toward the 
earth.The charge particles approaching the earth show the so-called gradient drift in a dipole magnetic field.. 
because of this gradient drift the orbits of electrons in the equatorial plane become as shown on figure 7a. 
....the resultant electric current in space around the earth is shown on figure 7b; the electric current in the 
ionosphere flows along the auroral zone where the electric conductivity is assumed to be greater than in 
other regions. " 
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Figure 7b : Illustration of Alfven’s theory 1939 
 
 
Many studies using magnetic data to compute the disturbed equivalent current systems were 
made to establish maps of the SD and D fields. Here we refer to two studies : the study of Silsbee 
and Vestine (1942) and the study of Fukushima and Oguti (1953). Figure 8 (from Silsbee and 
Vestine 1942) , illustrates the equivalent current system associated to a magnetic bay, view from 
the pole . "In middle and low latitudes, the magnetogram trace occasionally shows a gradual positive or 
negative deflection from the quiet day curve and a subsequent recovery within few hours. This kind of 
geomagnetic variation has been named bay because of the resemblance of the magnetogram trace to the 
geographic coast line of a bay" , from Fukushima and Kamide 1973. 
 
Figure 8 illustrates the equivalent current system associated to a magnetic bay and shows the two 
electric current cells with the two auroral electrojets. 
[ from Silsbee and Vestine, 1942] 
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From 1925 to 1957, concerning our study on disturbed ionospheric electric currents, the main 
advance is the introduction of an electric field from interplanetary origin to interpret the SD field 
(Alfven, 1939; Alfven 1940). The Alfven's model gives a partial resolution of the global disturbed 
current system. 
 
This system consists of ring currents in the equatorial plane of the magnetosphere, Birkeland 
currents in the magnetosphere and auroral electrojets in the high latitudes (DP). At this stage 
interplanetary measurement were needed to know precisely the different sources of the disturbed 
Earth's magnetic field DP. 
 
III. Advances in the knowledge from 1957 until now 
Discovery of the Magnetosphere 
 
The first satellite missions (Sputnik, Explorer, and Pionneer) and rockets, revolutionized this field 
of research on the Earth electromagnetic environment. These new data provided direct 
measurements of ionospheric, magnetospheric or interplanetary parameters. In 1957, Van Allen 
obtained the first direct measurement of auroral radiation with rocket equipment. The following 
year in 1958 Van Allen discovered radiation belts in the Earth's environment which are now 
called the Van Allen belts (Van Allen 1958, Gold, 1959b) . Figure 9 gives an overview of the 
intensity structure of the two principal radiations zones (or belts) around the earth as derived 
from the Geiger-tube observations. 
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Figure 9 : Discovery of the van Allen Belts  
from Van Allen 1958 
Comment of Van Allen on figure  
“Intensity structure of the trapped radiation 
around the earth. The diagram is 
geomagnetic meridian section of the three-
dimensionnal figure revolution around the 
geomagnetic axis. Contours of courant 
intensity are labeled with numbers 10, 100, 
and 10 000. These numbers are the true 
counting rates of the Anton 302 Geiger tube 
carried by Explorer IV and Pioneer III. The 
linear scale of the diagram is relative to the 
radius of the earth 6371 km. The outbound 
and inbound legs of the trajectory of Pioneer 
III are shown by the slanting, undulating 
lines. The intensity structure is a function of 
detector characteristics (see text)” 
 
Comments of Van Allen concerning the radiation belts (1959) : 
" Nature of trapped radiation - On the basis of the extremely rapid increase of intensity with altitude above 
some 1000 Km it was immediately evident (Van Allen 1958) that the newly discovered radiation must 
consist of charged particles constrained by the earth's magnetic field, since the additional atmospheric 
absorption between altitudes of, say 1000 and 2000 Km was several orders of magnitude less than the wall 
thickness of the detectors used in 1958a and 1958y. There is now a wealth of evidence supporting this 
conclusion in full detail, and we regard it as established beyond all reasonable doubt that the observed 
radiation consists of charged particles trapped in the earth's magnetic field in the manner visualized by 
Poincare, Stormer, and Alfven in classical theoretical studies."  
 
Figure 10 : Discovery of the Magnetosphere,  
[From Gold 1959] 
 
Gold (1959a) discovered the Magnetosphere, the region where the Earth's magnetic field 
dominates. Here is a part of the abstract of his paper called "Motion on the Magnetosphere of the 
Earth: 
" The conditions determining the dynamical behavior of the ionized gas in the outer atmosphere of the earth 
are discussed. It is proposed to call this region in which the magnetic field of the Earth dominates the 
 14
"magnetosphere". Observations by Van Allen and others indicate that this zone reaches out to between 5 
and 10 earth radii, depending on the degree of magnetic disturbance. ". Figure 10 from Gold (1959a), 
illustrates the organization of the Magnetosphere with its magnetic tubes of force. 
 
Mechanisms of interaction between the Earth and the solar wind 
 
In 1961, Axford and Hines, and Dungey proposed physical mechanisms of interaction between 
the solar wind (flow of particles coming from the sun) and the Magnetosphere (cavity of the 
Earth's magnetic field). 
Figure 11 illustrates the physical mechanism, proposed by Axford and Hines (1961) : the viscous 
interaction between the magnetosphere and the solar wind. 
Here is the comment from Axford and Hines : 
 
 
" This paper is concerned with the occurence at high 
latitudes of a large number of geophysical 
phenomena including geomagnetic agitation and 
bay disturbances, aurorae and various irregular 
distributions of ionospheric electrons. It shows that 
these may be related in a simple way to a single 
causal agency, namely a certain convection system 
in the outer portion of the earth's magnetosphere . 
The source of the convection is taken to be viscous-
like interaction between the magnetosphere and an 
assumed solar wind." 
 
Figure 11 : The viscous interaction between the Solar Wind and the magnetosphere 
from Axford and Hines, 1961 
At the same time, Dungey (1961) proposed the mechanism of "reconnection" illustrated on figure 
12. Here is the presentation of this mechanism given by Dungey : " The validity of hydromagnetics 
for application to plasmas in which the mean free path is long, as in the magnetosphere, is discussed. It is 
pointed out that anisotropy of the pressure is essential in the equilibrium magnetosphere, because it is 
needed to describe the trapping mechanism of the radiation belts, and the ring current is directly related to 
these. It is shown that for interchange flow in the magnetosphere ionospheric drag is more important than 
inertia. The flow associated with substorms is discussed and related to reconnection..." 
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Steady state     Reconnection model with Shock 
 
 
Figure 12 : Reconnection between 
the Interplanetary and the Earth’s 
magnetic fields from Dungey 
1961 
Axford and Hines (1961) and Dungey (1961) analysed the problem of polar disturbances and 
suggested that a combination of external electric field applied to the ionosphere and E region 
dynamo fields may be needed to account for all the features of disturbance. 
The different current systems 
The same year, in 1961, Akasofu and Chapman proposed to express D field as the sum of different 
components relating to the different sources of magnetic field disturbance: 
"DR : the geomagnetic distubance field produced by the ring current flowing in the geomagnetic equatorial 
plane at a geocentric distance of several radii. 
DP : the geomagnetic disturbance caused primarly by intense electrojets flowing in the ionosphere polar 
region, including the auroral zone and their accompanying currents in the ionosphere or magnetosphere or 
both. 
DCF : the geomagnetic field caused by the electric current at the magnetopause owing the interaction of the 
earth's permanent field with the solar wind. This electric current flows as to keep the magnetosphere around 
the earth confined with the solar plasma.The letters signify cospuscular flux of the solar plasma stream. 
DT : the geomagnetic field produced by the electric current flowing in the tail region of the magnetosphere 
from the dawn side to the dusk side. This current flows as to retain a long magnetotail form. 
from Fukushima and Kamide (1973) t' 
D=DR+DP+DCF+DT 
 
This approach was very fruitful, concerning the use of magnetic data . Indeed magnetic events 
were selected and data were analysed related to the source of the disturbance. Nagata and 
Kokubun highlighted the impact of the viscous interaction between the solar wind and the 
magnetosphere during magnetic quiet periods . Figure 13a from Nagata and Kokubun (1962) 
showed the equivalent current system due to the viscous interaction source. We can observe the 
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two convection cells confined to polar and auroral latitudes. during magnetic quiet periods. -
  
 
Figure 13a : the SqP equivalent current system  
[from Nagata and Kokubun, 1962] 
 
Nishida, in 1968 identified the signature of the convection electric field during a selected 
magnetic disturbance. This current system called DP2, is shown on figure 13b. We can observe 
that the two convection cells extended from the pole to the equator. 
 
 
Figure 13b : The DP2 current system  
[from A. Nishida, 1968] 
 
Rostoker 1969 , doing the same analysis of magnetic data, established a classification of the polar 
disturbances. 
During the same period, in 1966, Cummings introduced the partial ring current in order to 
interpret le low latitude disturbance daily variation. Figure 14a from Cummings 1966, illustrates 
the partial ring current. This figure shows the drift currents flowing in the equatorial plane as 
well as the field-aligned currents connecting the drift currents to the auroral electrojets. 
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Figure 14a : the partial ring  showing the currents flowing  
along the field lines as well as the drift currents. 
[current from Cummings 1966] 
 
 
Comments from Cumming 1966: 
" An asymmetric ring current is equivalent to a symmetric ring current plus a superimposed partial ring 
current . The current system for the partial ring current, proposed earlier by Fejer (1961), is shown in 
Figure 3 (here 14a). In this figure the shaded region represents the asymmetry in an otherwise uniform ring 
current belt. The current in the equatorial element of the partial ring current system is due to the gradient 
and curvature drift motion of the charged particles that make up the asymmetry." 
Figure 14b from Fukushima and Kamide 1973, illustrates the fact that the ring current is the sum 
of a symmetric and an asymmetic parts. 
 
Figure 14b : superposition of a symmetric current ring and a partial ring current system [ from 
Fukushima and Kamide, 1973]      
         
In 1972 "Akasofu states that the tail current flowing at the boundary plasma sheet is disrupted and 
deflected toward the earth on the morning side and back to the tail on the evening side." 
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Figure 15 : Schematic diagrams showing the development of magnetospheric substorms as the  
conversion of magnetotail current to a Birkeland current and auroral electrojet [ After Akasofu, 1972] 
 
Figure 15 illustrates the conversion of the magnetotail current into a Birkeland current and 
auroral electrojet.. It is a schematic illustration of the successive changes in the current system for 
quiet and disturbed magnetic periods. For magnetic quiet period, there is no connection between 
the tail currents and the ionospheric electrojets. On the contrary when a magnetospheric 
subtorms occurs, the magnetospheric tail currents are disrupted and deflected toward the Earth. 
The same year, in 1972, Kamide and Fukushima proposed a model of current system for magnetic 
polar substorm . Figure 16 presents this model. 
This figure integrates the different components of the global current system: - 
partial ring current flowing in the front of the magnetosphere, 
- ionospheric electrojets flowing in the auroral ionosphere, - 
tail currents flowing in the tail of the magnetosphere, 
- field aligned currents connecting the partial ring current and the tail currents to auroral 
electrojets. - 
Figure 16 : Model of current system for a polar magnetic substorm 
 [from Kamide and Fukushima, 1972] 
 
First in situ measurement 
 
During the same time, techniques were developed in order to obtain ionospheric in situ 
measurements of electric fields and currents. 
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Mozer and Serlin, in 1969 obtained the first in situ measurement of electric fields across the polar 
cap and auroral zone with an electric field antenna and a magnetometer operating on a balloon. 
Figure 17 from Mozer and Serlin shows these first electric field observations. 
 
 
Figure 17 : Horizontal electric field obtained during the 23 hours flight of the balloons 
launched on August 6, 1966. The data points plotted as crosses and connected by dashed lines 
have an ordinate scale five time greater thant that indicated. 
[ Mozer and Serlin, 1969 ] 
 
On Figure 17 are plotted the two components of the Electric fields (top pannels), and the Earth's 
magnetic field components (D and H or X and Y) observed at College, Churchill and Leirvogur. 
Mozer and Serlin observed the ionospheric electric signature of a substorm : " The ionospheric 
manifestation of the substorm was the appearance of the southward electric field that drives the Hall current 
responsible for the magnetic variations ". 
 
From 1963 until now the incoherent scatter technics, based on the Thomson diffusion of 
electromagnetic waves by the electrons of the ionosphere, provide in situ measurements of all the 
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ionospheric electrodynamics parameters (electric fields, electric currents, neutral winds, electric 
conductivities ...), see review of Evans (1978). 
 
 
Figure 18a : In situ direct measurement of electric field, electric conductivities and neutral wind 
with Incoherent scatter sounder [ from Brekke et al., 1974]. 
 
Gordon (1958) and Dougherty and Farley (1960), initiated the theory of incoherent scattering 
radio waves by a plasma. The first observations of neutral wind (Vasseur,1969), electric fields 
(Woodman, 1970; Carpenter and Kirchhoff, 1975) and electric currents (Brekke et al., 1974) were 
followed by systematic observations of all these parameters during several decades in order to 
develop empirical models of ionospheric electrodynamic parameters now used in the 3D 
simulations of Ionospheric phenomena. Figure 18a, from Brekke et al 1974, shows for one day the 
first observations of the daily variation of the height integrated conductivities ((Y- top panel), the 
two components of the ionospheric electric field (E- middle panel) and the electric dynamo field 
(VnxB - bottom panel). On figure 18b (bottom panel) the D and H variations of the Earth's 
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magnetic field are compared to the height integrated electric currents ( J = (σ(E + VnxB)) derived 
from the electrodynamic parameters. Figure 18b shows the good agreement between eastward 
height integrated current density and the H component of the Earth's magnetic field. 
 
 
 
Figure 18b : in situ measurement of height integrated electric current densities with Incoherent 
scatter sounder and comparison with the variations of the Earth’s magnetic field 
[ from Brekke et al., 1974] 
 
The STARE radar (Greenwald et al. 1978), based on coherent backscatter of electromagnetic 
waves, from irregularities created by plasma instabilities in the ionospheric E region, allowed the 
measurement of ionospheric electric fields in the auroral zone. This tool contributes much in the 
knowledge on the DP magnetic disturbance associated to the convection electric field 
(Schlege1,1996). 
The satellites data were also systematically used to determine the field-aligned currents essential 
to understand the closure of magnetospheric currents in ionosphere (Amstrong and Zmuda, 1970; 
Ijima and Potemra, 1978). Figure 19 from Ijima and Potemra (1978) represents the distribution of 
field aligned currents which connect the auroral electrojets to the magnetospheric current 
systems. Figure 19 shows the field aligned current into and away from the ionosphere, first 
proposed by Birkeland in 1908 (see figure 5). 
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Figure 19 : Distribution of the Field 
aligned current system in the auroral 
zones [from Ijima and Potemra, 1978] 
 
Black : current into the ionosphere 
Grey : current away from ionosphere 
 
The comparison between in situ measurements of electrodynamic parameters and ground 
observations of the Earth's magnetic field is not easy due to the different time and space 
resolution of the two kinds of data. It is better to consider that these two sets of data are 
complementary for the knowledge of the global disturbed ionospheric electric current system. 
 
First mathematical model of magnetospheric convection 
In 1970, Vasyliunas, developed the first mathematical model of magnetospheric convection . 
Figure 20a is a diagram representing the outline of the self consistent calculation of 
magnetospheric convection. This very simple model reproduced well the two convection cells of 
the disturbed ionospheric electric currents at the origin of the DP2 magnetic disturbance . Figure 
20b shows the calculated equipotential contours in the ionosphere for enhanced conductivities in 
the auroral zone. This simple model was very fruitful to connect and interpret in situ observations 
from the ionosphere and magnetosphere. 
 
The thermospheric response to magnetic storm 
Figure 21 and 22 illustrate, the current systems in the magnetopshere and in the ionosphere at the 
present time. Many physical processes are acting in the auroral zone together in the coupling 
between Ionosphere and Magnetosphere. 
 23
 
Figure 20a : the outline of the self consistent calculation  
Figure 20b : the calculated 
equipotential contours in the 
Ionosphere 
Figure 21 , from Heikkila 1972, highlights the complex topology of the magnetospheric 
current systems flowing in the equatorial plane of the magnetosphere, on the 
magnetopause, in the plasmasheet along the lines of the magnetic field, in the tail of the 
magnetosphere The point of connection between some of these magnetospheric current 
system and the ionosphere is the auroral zone. 
 
Figure 21: Geometry of the magnetospheric current systems  
[ from Heikkila 1972] 
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The next figure, figure 22 illustrates the electric currents system in ionosphere, and the 
connection with the magnetospheric current systems though the field aligned currents. This 
figure shows the complexity of interactions taking place in the polar and auroral regions 
between the interplanetary medium, the magnetosphere and the ionosphere: 
- closure of field-aligned currents 
- transmission of the convection electric field - precipitation of particles 
etc ... 
 
On the sunlit side of the Earth, the Sq current system (Chapman 1940) cell and the equatorial 
electrojet are drawn. These two current systems have daily occurence and are due to the 
atmospheric dynamo process. 
 
In the auroral zone the two electrojets and the electric current cells are represented. These electric 
current structures exist all the time and results from the magnetospheric convection electric field 
(Nagata and Kokubun, 1962). During magnetic disturbed period, these convection electric current 
cells extend toward middle and low latitudes (Nishida, 1968). 
In the auroral zone, the electrojets through Joule heating process, disturbed the thermospheric 
wind circulation and generate ionospheric disturbed electric currents by dynamo process. 
 
Richmond and Matshushita (1975) studied the thermospheric response to magnetic storms. Blanc 
and Richmond (1980) first introduced the concept of the ionospheric disturbance dynamo. Blanc 
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and Richmond computed with a dynamo model the ionospheric electric current created by the 
storm winds. In 1985, Mazaudier observed with the saint-Santin incoherent scatter sounder 1) the 
ionospheric disturbed electric currents due to the penetration of magnetospheric convection and 
2) the ionospheric disturbed electric currents due toe the disturbance of thermospheric winds 
(Mazaudier, 1985). 
 
At the present time, global models on research centres as NCAE, NASA, Rice University are 
avilabel to study the global magnetosphere-ionosphere electric current system. 
To study properly ionospheric disturbed electric current, it is necessary to start on systemic 
approach based on large data sets. Richmond and Kamide (1980) developed computer tool to 
perform this study. Richmond and Kamide ’s technique provides maps of high-latitudes electric 
fields and currents and their associated magnetic variations from sets of localized observational 
data. With this technique all data are integrated in the whole system as a part of this system. 
 
recent studies on ionospheric disturbed electric current based on this systemic approach let to 
explain the reversed Solar flare event (Curto et al.,  1994a; Curto et al, 1994b) and the penetration 
of magnetospheric electric field convection, without any shielding effect, for particular events 
(Kobéa et al., 2000; Peymirat et al., 2000) 
 
Conclusion : 
Some decisive advances in to the study of ionospheric disturbed electric currents, source of the 
DP magnetic disturbances are recalled in this paper. 
Three periods are summarized : 
 before 1925, before the use of ionosondes to study Ionospher 
 from 1925 to 1957, before the first satellites missions (Sputnik, Explorer, Pionneer) 
 after 1957, year of the first satellites mission. 
 
Before 1925, Gauss and Maxwell built the theoretical tools, Stewart, Birkeland and Störmer set up 
part of the global electric current system, the atmospheric dynamo currents, the field aligned 
currents and the ring current. 
 
From 1925 to 1957, Chapman and Ferraro (1931), Alfven (1939) initiated theories to connect the 
space medium to the near Earth’s environment in order to explain magnetic disturbances in the 
auroral zone. 
 
After 1957, the first satellite measurements allowed the discovery of the radiation belts (Van 
Allen, 1958), the discovery of the Magnetosphere (Gold, 1959). these observations led Axford and 
Hines (1961) and Dungey (1961) to propose tow physical mechanisms operating the connection 
between the space and the Magnetosphere : 1) the viscous interaction between the solar wind and 
the magnetosphere and 2) the reconnection between the interplanetary magnetic field and the 
terrestrial magnetic field. 
 
At the same time, Akasofu (1961) gave the expression of the D field as the sum of the different 
components (DP, DR, DCF, DT). 
These major advances gave the possibility to better understand the Earth’s magnetic field. 
 
During the three last decades the use of rocket flights, coherent and incoherent radar led to 
establish empirical models of the ionospheric electrodynamics parameters. during same time 
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global model for simulating ionospheric phenomena were developed. Now to progress in the 
knowledge of the disturbed ionospheric electric currents, it will be necessary to connect together 
models, large data sets, sun and magnetospheric phenomena. 
 
Ionospheric electric currents are part of a global electric current system connecting space, 
magnetosphere, ionosphere and atmosphere. This study requires integrating many physical 
processes and a wealth of data. 
 
All steps of this paper on history of electric currents in the Earth’s environment are recalled in 
table 2 which covers the period from 1870 until now. In this paper aour main purpose is to give an 
overview of electric currents systems associated to magnetic disturbances and to provide a 
bibliography on this subject. 
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Table I :  Summary of important events in history of geomagnetism 
up to about 1850 from CHAPMAN and BARTELS,  1940 
 
 
A.D. 1030-93 The Chinese encyclopaedist Shon-Kua described the  
 magnet pointing south 
 
About 1187 Alexander Neckman of St. Albans described the magnetic  compass 
 
About 1450 Sun dials in Nuremberg showed marks for magnetic  
 declination 
 
About 1492 German roads maps containing the figure of a compass  
 indicating the declination 
 
1538-41 Joao de Castro, on a voyage to the East indies, made forty-three 
 determinations of magnetic declination 
 
1544  Letter  by Georg Hartmann of Nuremberg, referring to the  magnetic 
inclination 
 
1576 Robert Norman The Newe Attractive 
 
1600 William Gilbert, De magnete 
 
1635 Henri Gellibrand discovered the secular variation of declination 
 
1672 Daniel Tilas died (inventor of the Swedish mining compass for 
 magnetic prospecting) 
 
1698-1700 Halley's voyages in the Atlantic Ocean on the Paramour Pink 
 
1701 Halley's sea chart of the whole world  
 
1721 William Whiston's charts of inclination 
 
1722 George Graham discovered non-secular time-variations 
 
1741, April 5 Simultaneous magnetic observations by Celsisus at Uppsala and 
 Graham at London; discovery of the relation between  magnetic  
 disturbances and aurora 
 
1759 Solar daily variation found to be greater in summer than in  winter (by 
Canton) 
 
1770 Wilcke observed that auroral rays are parallel to the magnetic 
 inclination 
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1782 Cassini found that the daily variation of the declination is independent of the 
daily variation of air-temperature 
 
1799-1804 A. von Humboldt's expedition to America 
 Magnetic storm 
 
1819 Hansteen's Untersuchungen über den Magnetismus der Erde 
 
1820-35 Arago's observations of the magnetic declination at Paris 
 
1826  Poggendorff introduced readings by means of mirror and scale 
 
1837 The earth inductor invented by Weber 
 
1838  Gauss Allgemeine Theorie des Erdmagnetismus 
 
1839 Llyod introduced the magnetic balance for recording the  variations of the 
vertical intensity 
 
1836-41 The Göttingen Magnetic Union 
 
1839 Establishment of the British Colonial Observatories (Sabine) 
 
1846 Charles Brooke constructed photographic apparatus recording 
 magnetic variations 
 
1850 Kreil found the lunar daily variation of declination at Prague 
 
1851 Schwabe discovered the sunspot cycle 
 
1852 Sabine found the effect of the sunspot cycle in the disturbances of 
 declination at Toronto, 1841-48. 
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Table 2 : Summary of important events in the history of disturbed ionospheric electric currents  
(DP magnetic field) up to about 2000 
 
1733 Hypothesis of solar particles at the origin of aurora 
 J-J. Dortous de Mairan 
 
1741, April 5 Simultaneous magnetic observations by Celsisus at Uppsala   
 and Graham at London; discovery of the relation between magnetic 
disturbances and aurora 
 
1873 Treatise on electricity, J. Maxwell 
 lecture of 1870 at the Cambridge University 
 
1882 Concept of the Atmospheric dynamo 
 lecture by B. Stewart 
 
1887 relation between the  magnetic perturbations and sunspots 
 E. Marchand  
 
1889 Maps of the magnetic potential on the surface of the Earth 
 A. Schuster 
 
1901 Radio beacon   (Marconi) 
 Ionosphere postulated by  Kenelly and Heaviside 
 
1908 Field aligned currents (Jll)  
 K. Birkeland 
 
1907- 1913 Field aligned currents and ring current 
 C. Störmer 
 
1911 Hypothesis of a flow of particles from the sun-> the solar wind,   
 K. Birkeland  
 
1925-29 Wave propagation in the ionosphere  
 E.V. Appleton, Hartree 
 
1925-26 First measurements with ionosonde  
  G. Breit and M. A. Tuve, E.V. Appleton and M.A.F. Barnett 
 
1931 Storm magnetospheric current model 
 S. Chapman and V.C.A. Ferraro  
 
1935 Electric currents systems of magnetic storms 
 S. Chapman  
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1937 Magnetic effects associated with bright solar eruptions 
 Mc Nish A.G.  
 
1937 Terrestrial magnetic variations and the ionosphere 
 A.G. McNish 
 
1939 A theory of magnetic storms and of Aurora 
 H. Alfven 
 
1940 Geomagnetism 
 S. Chapman and J. Bartels 
 
1942 Equivalent current system  for geomagnetic bays 
 H.C. Silsbee and E. H. Vestine 
 
1953 Equivalent overhead current system for the average disturbed field  SD  
 N. Fukushima and T. Oguti 
 
1957  Direct detection of auroral radiation with rocket equipment 
 J.A. Van Allen 
 
1958 First satellite measurements 
 
1958 Discovery of the radiation belts 
 J.A. Van Allen 
 
1958-60 Theory of incoherent scattering of radio waves by a plasma 
 W.E. Gordon, J.P. Dougherty, D.T. Farley 
 
1959 Discovery of the Magnetosphere Motions in the magnetosphere of the  
 Earth, Origin of the radiation near the Earth 
 Gold T.  
 
1961 Solar wind - magnetosphere dynamo : viscous interaction 
 W.I. Axford and  C.O. Hines 
 
1961 Reconnection between the interplanetary and  the Earth's  magnetic fields.  
 T.W. Dungey  
 
1961 D = DR + DP+DCF+DT 
 S.I. Akasofu and S. Chapman 
 
1962 equivalent current system SqP  
 T. Nagata and S. Kokubun 
 
1967-1968 Equivalent current system DP1 
 G. Rostoker, T. Obayashi and T. Nishida 
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1968 Equivalent current system DP2 
 T. Nishida 
 
1969 In situ electric field measurements across the polar cap and auroral zones 
 Mozer and Serlin, 1969 
 
1969 First Observations with incoherent scatter sounder network for neutral 
 winds (G. Vasseur) 
 
1970  Theory of magnetospheric convection 
 V. M Vasyliunas 
 
1970  First observations with incoherent scatter sounder network 
 electric fields ( R. Woodman/ L.A.Carpenter L.A J.H Kirchhoff) 
 
1972  Conversion of magnetotal current to Birkeland current and auroral 
 electrojet, Akasofu S-I 
 
1972 Connection of partial ring current and high latitudes magnetic bays 
 Y. Kamide and N. Fukushima 
 
1974 Satellite measurement of  field aligned currents 
 J.C. Amstrong and A.J.  Zmuda 
   
1974 First observations with incoherent scatter sounder network  
 of electric currents (A. Brekke et al.) 
 
1975  Thermospheric Response to Magnetic substorm 
 A.D. Richmond and S. Matshushita 
 
1978 Equivalent Field aligned currents 
 T. Ijima and T.A. Potemra 
 
Since 1980   Organization of large data base setting up together various  
 satellite data or ground based measurements obtained since 1960,  
 from various tools (NCAR, NASA, WORLD DATA CENTER) 
 Organization of  coordinated studies on specific events 
 
1980- Global simulations of ionospheric electric currents 
 (Rice University, NCAR, etc....) 
 
1980 The ionospheric disturbance dynamo 
 M. Blanc and A.D. Richmond 
 
 
 
 37
1985 In situ measurements of Ionospheric disturbed Electric Currents 
 Two type of disturbances : direct penetration of the magnetospheric 
 convection and disturbed ionospheric dynamo,  
 C. Mazaudier  
 
1988 Mapping Electrodynamic features of the High latitude Ionosphere from 
localized observations technique, A.D. Richmond , Y Kamide 
 
Since 1990  To progress in the knowledge of  disturbed ionospheric electric currents 
 need  coordinated studies with :  
  - use of large data sets  of magnetic observations 
  - use of in situ measurements 
  - modelling  
  - semi empirical existing models 
  - Analytical models 
  - Numerical simulations 
 
Now -> Integrated Studies 
 
1992  Solar Flares 
 J-J. Curto 
 
2000-2001 Electrodynamic coupling of high and low latitudes 
 A. Kobéa et al,  
 C. Peymirat et al,  
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
